‘ ! ! . LLNL-JRNL-406091

LAWRENCE
LIVERMORE
NATIONAL

womronr [ 1 UNING the iImplosion symmetry of ICF
targets via controlled crossed-beam
energy transfer

P. Michel, L. Divol, E. Williams, S. Weber, C. A.
Thomas, D. A. Callahan, S. W. Haan, J. D. Salmonson,
S. Dixit, D. E. Hinkel, M. J. Edwards, B. J. MacGowan,
J. D. Lindl, S. H. Glenzer, L. Suter

August 7, 2008

Physical Review Letters




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



LLNL-JRNL-406091

Tuning the implosion symmetry of ICF targets via controlled crossed-beam energy
transfer
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S. Dixit, D. E. Hinkel, M. J. Edwards, B. J. MacGowan, J. D. Lindl, S. H. Glenzer, and L. J. Suter

Lawrence Livermore National Laboratory, Livermore, CA 94551

Radiative hydrodynamics simulations of ignition experiments show that energy transfer between
crossing laser beams allows tuning of the implosion symmetry. A new full-scale, three dimensional
quantitative model has been developed for crossed-beam energy transfer, allowing calculations of
the propagation and coupling of multiple laser beams and their associated plasma waves in ignition
hohlraums. This model has been implemented in a radiative-hydrodynamics code, demonstrating
control of the implosion symmetry by a wavelength separation between cones of laser beams.

Understanding and controlling the processes affect-
ing capsule implosion symmetry remains a crucial task
for the success of ignition experiments on facilities such
as the National Ignition Facility (NIF, [1, 2]) or the
Laser Megajoule (LMJ, [3, 4]). On these facilities, mul-
tiple laser beams arranged as cones enter both sides
of a hohlraum and deposit their energy on the high-Z
hohlraum walls, generating the x-ray radiation that even-
tually implodes the nuclear fuel capsule placed at the
center of the hohlraum. A uniformity of the x-ray drive
on the capsule of the percent level is typically required to
reach ignition; this is usually controlled by adjusting the
power balance between the laser cones in order to control
the distribution of energy deposition.

One of the processes that may particularly affect the
implosion symmetry is the power transfer from one laser
beam to another via induced Brillouin scattering. Kruer
et al. [5] first showed that this process may occur at the
laser entrance hole (LEH) of ignition hohlraums, where
multiple beams cross in a flowing plasma; energy trans-
fer between two crossing laser beams was then observed
experimentally on the Nova laser facility by Kirkwood et
al. [6], and significant theoretical /numerical [7—10] and
experimental [11-14] work was then to follow.

In this letter, we show that the transfer can be con-
trolled and used to tune the implosion symmetry in igni-
tion experiments. The first results of a new crossed-beam
energy transfer model coupled to the radiative hydrody-
namics code Lasnex [15] are presented. This model is the
first to provide quantitative calculations for the prop-
agation and energy transfer of multiple laser beams in
three dimensions and full-scale volumes (~100 mm?, 10!
cells). This is also the first crossed-beam transfer study
that includes all laser beam smoothing techniques used in
ignition experiments, such as phase plates [16], smooth-
ing by spectral dispersion (SSD, [17]) and polarization

smoothing (PS, [18]). Their effects on energy transfer
are investigated for typical ignition conditions. A full
scale investigation of the most current NIF target design
is then presented. We show that the transfer could al-
ter the energy deposition for some of the beams beyond
the “worst” expected levels of backscattering (i.e. up to
+ 15-20%), but that a wavelength separation between
the laser beams allows to control the transfer by Doppler
shifting the coupling resonance. Lasnex simulations in-
cluding our model show that such a wavelength separa-
tion allows tuning of the implosion symmetry in ignition
experiments, possibly beyond the laser power capabili-
ties.

Our model describes the 3D propagation of two cross-
ing laser beams and of the ion acoustic wave (IAW)
excited by their beat wave in steady-state. The to-
tal laser electric field a is composed of four enveloped
fields, i.e. two orthogonal polarizations for each beam:
a; = $(ajze" x; + a;,e'%y;) + c.c. where j=0 for the
first beam and 1 for the second (hence a = ay + a1).
The phases are ¢g = ko(z)z cos(¢s) + ko(2)z sin(¢ps) —wot
and ¢1 = ko(z)z cos(¢s) — ko(z)x sin(¢s) — wit. The en-
veloped wave number has the same amplitude for both
beams, ko(z) = (wo/c)\/1—mno(z)/n. with ng(z) =
<|a|2(:1:,y,z)ne(x,y,z)>J_ / <|a|2(:1:,y,z)>J_ (the brackets
denote a spatial average over the transverse directions
(z,9)); ¢s is the half-angle between the two beams wave
vectors kg and k1. In order to minimize the error from
the paraxial approximation, the simulation box is chosen
so that its z axis bisects (ko, k1). The x axis lies in the
plane (ko, k1) (cf. Fig. 1).

Accounting for all the couplings between the four com-
ponents of the total field in the derivation of the pondero-
motive force, we obtain a set of coupled equations for the
fields:
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Here k{(z) = dko/dz, énp = ne(z,y,z) — no(z) is the
transverse density variation, re; is the electron-ion
collision frequency and %2)0 = 4me®ng/me is the plasma
frequency. The first two terms describe the propagation
and diffraction with modified paraxial conditions [19],
the third term is the energy flux conservation, and
the fourth and fifth terms represent the refraction
on inhomogeneous density profiles and the inverse
Bremsstrahlung absorption.

The average coupling coefficient 4 describes the ion
acoustic plasma response to the ponderomotive pressure
of the beat wave in the linear kinetic limit. It accounts for
both: i) the spatial frequency broadening due to the finite
aperture of the optics in near-field, and ii) the time fre-
quency broadening induced by the smoothing by spectral
dispersion (SSD). A SSD phase modulation of the form
exp[—idsin(,,,t)] in the near field gives a far-field spec-
tral density I, = 372 J2(8)d(w — nfyy,) (with Q,,=17
GHz on NIF). Each point in the plasma is therefore illu-
minated by a range of frequencies (due to SSD) and of
k-vectors (due to the near-field apertures), that can be
considered independent when time-averaged over a mod-
ulator period. This leads to the following averaged ex-
pression for the coupling coeflicient:
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where Ay, A; are the intensity distribution of the
laser beams in the near field normalized such as
on)l(kl)dkL = 1, and Ak = k)o — k:l,Aw = Wy — W1.

The local coupling coefficient + is given by [10]:

Xe(1+xi)
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where . and x; are the electron and ion susceptibilities
evaluated at (k,w — k.V).

Our model was applied to a NIF target design (with
a radiation temperature of 285 eV and a Be capsule ab-
lator). Figure la shows the hohlraum electron density
with the flow (green arrows), and the laser intensity for
one pair of beams (at 30°and 50° from axis). The 3D
hydrodynamic profiles are constructed from radiation-
hydrodynamics simulations with the code Lasnex, at the
time of peak laser power. Our simulations use the con-
tinuous phase plates (CPP) phase profiles measured from
NIF, as well as PS (which is readily described by our
decomposition of the fields into two polarizations), and
SSD.

The coupling for small 6A = A9 — A1 values (where Ao
and A; are the wavelengths of the 30° and 50° beams) oc-
curs mainly in two regions, just outside and just inside of
the LEH (near z ~-1.5 mm and +1 mm on Fig. 1), where
the flow component along Ak is maximum. This leads
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FIG. 1: a) Contour plot of a half NIF hohlraum’s electron den-
sity (grey scale), and of the intensity of one pair of laser beams
(of NIF’s 192 beams) at 30° and 50° from the hohlraum axis;
the green arrows represent the plasma flow. b) normalized
coupling coefficient Im[y]/ko (cf. Eq. (3)) along the central
bisector line as a function of z (distance along that line) and
6\ (wavelength shift between the two laser beams, in A). The
dashed line at 1.3 A represents the optimum X for that pair
of beams, and the grey zone the ~ +2 A bandwidth induced
by a 2.2 A SSD bandwidth on each beam.

to an energy transfer from the 30° towards the 50° beam
followed by a transfer from the 50° towards 30°, due to
a Doppler shift of the +=Akc, resonances by Ak.V. Fig.
1b represents a plot of Im[y/ko] as a function of z and JA
calculated along the central bisector line. There exists
a wavelength shift that brings the coupling to a mini-
mum by avoiding both resonances (here for A ~1.3 A,
dashed line on Fig. 1b). Note that we have performed
gain calculations which show that backscattering and fil-
amentation instabilities may occur only deeper inside the
hohlraum, outside of the volumes where the beams cross
and transfer energy.

The study is extended to all the laser beams by sum-
ming up for each beam the transfer to or from each of its
neighbors; this is valid as long as the transfer is not too
large (second order effects are not taken into account).
The relevant pairs of beams are selected from 1D gain cal-
culations, and turn out to be mostly nearest neighbors
for flow geometry reasons (i.e. small Ak.V, in partic-
ular, the pairs shifted in azimuth have negligible trans-
fers since the flow has nearly no azimuthal component).
All the selected pairs have a half-angle separation smaller
than 14°, which keeps the paraxial treatment valid. Each
pair of beams has a different optimum wavelength shift



that cancels the net transfer, by balancing two transfer
zones in opposite directions as for the (30°, 50°) pair.

The two-color separation on NIF consists in shifting
the wavelength of the beams of the “outer cone” (entering
the hohlraum at large angles and hitting its walls near
the LEH - cf. Fig 4a) with respect to that of the beams
of the “inner cone” (hitting the walls near the hohlraum
waist), in the range AA=[0-3] A. We have calculated the
average transfer for both cones as a function of A\, as
shown in Fig. 2. The wavelength shift that minimizes
the energy transfer is about 0.6 A. Note that since there
is roughly twice more energy deposited in the outer cones
than in the inner cone, the relative energy gain for the
outer cones is nearly half the opposite of that of the inner
cone.
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FIG. 2: Relative energy gain of the inner (a) and outer (b)
cones as a function of the wavelength shift between the cones
of beams, A\ = Ainner — Aouter, with continuous phase plates
(CPP) only (doted curves), CPP with PS (dashed), and CPP
with PS and SSD (solid).

The transfer can reach significant levels (15% and
more) regardless of the smoothing option used, due to
the long propagation distances over which the coupling
takes place, even though the IAW amplitudes remain very
small under NIF conditions. We calculated the maxi-
mum 6n4/ng ~ 10~4, which justifies neglecting the non-
linearity of the IAW [10].

Figure 2 shows the effects of laser beam smoothing
techniques available on the NIF. Polarization smoothing
(PS), which consists in distributing the power between
two uncorrelated CPP fields at orthogonal polarizations,
reduces the coupling by a factor two. This can be ex-
plained as follows for one pair of beam. Assuming that
the polarizations between the two beams are aligned, i.e.
xo.y1 ~ 0, taking into account only the coupling step in
Eq. (1), and neglecting the SSD and spatial frequency
broadening effects (i.e. using v instead of 7, with v as-
sumed uniform for further simplicity) lead to the simpli-
fied coupled equations for ag:
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FIG. 3: Energy transfer between the inner and outer cone as
a function of AX. Also plotted is P2/P0 from Lasnex simu-
lations including crossed-beam energy transfer for AA=0, 0.6
and 1.2 A.

If the coupling is small enough to neglect pump de-
pletion as well as any significant correlation between ag
and a1, then the cross terms doyd’{ydlm and Ggz0],01y
vanish by taking an ensemble average if all the fields
G0z, Goy, @1, and a1, are uncorrelated. This leads to
the following linear power gains for the two compo-
nents of the field after averaging in the transverse di-
rections: Pogy(2) = (1 + 2Im[y]2P1y ) FPos,y(0) where
Py, = [dzdylao,|* etc. The total power is Py(z) =
Pox(2) + Poy(z) = (1 + Im[y]zP1)Py(0), where we as-
sumed that the PS distributes the power equally between
the two polarizations, Pi, = P1, = P1/2; the linear gain
with PS is therefore g = Im[y]zP;.

Without PS (e.g., by setting doy = a1, = 0 and
P()m = Po, le = Pl), we smlply have 8ZCAL0I = _Z.'Y&Ozjlzy
which leads to Py(z) = (1 + 2Im[y]zP;)Py(0): the gain
without PS is therefore 2¢g. In other words, PS reduces
the transfer by a factor 2 in the linear gain regime.

Polarization smoothing therefore acts on the crossed-
beam transfer by phase-mixing random fields having or-
thogonal polarizations, as long as the gain remains small
over both the interaction length and the speckle length.
The contrast of the speckle pattern does not matter then,
as opposed to the case of backscattering instabilities [20].

Figure 2 also shows that adding 2.2 A of SSD band-
width at 1.054 um increases the transfer. The coupling
and energy transfer typically are off-resonance. The to-
tal + 2.2 A bandwidth then overlaps with the resonance
peaks, as represented by the grey zone on Fig. 1b for the
(30°, 50°) pair, hence increasing the transfer as previ-
ously speculated in Ref. [21].

A crossed-beam transfer model based on these results
was implemented in the code Lasnex. The transfer for
each beam was scaled as a function of time as being pro-
portional to the laser intensity. We have performed three
ignition simulations with wavelength separations of 0, 0.6
and 1.2 A. For 0 (resp. 1.2) A shifts, energy is deposited
in excess in the outer (resp. inner) cone, leading to an
x-ray flux mostly on the poles (resp. on the equator)
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FIG. 4: a) hohlraum electron density from Lasnex at peak
laser power, with schematics of the inner and outer laser cones
(in units of I15 = I/10" W/cm?) and their respective wave-
lengths. b) capsule density at ignition for AX =0, 0.6 and 1.2
A from Lasnex calculation including crossed-beam transfer
(same spatial scales, not shown).

of the capsule. This pole-waist asymmetry variation is
measured by the ratio P»/Py of the coefficients of Y3 (6)
and Y for the spherical harmonic expansion of the cap-
sule density isocontour at half of the peak value at igni-
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tion time, ne/Nmaz (0, @) (i.e. the yellow contour on Fig.
4b). This ratio has been calculated for the three Lasnex
simulations, and is plotted in Fig. 3; as expected, it is
minimum for a wavelength shift of 0.6 A.

Fig.4b shows density contours of the capsule at ignition
time. As can be seen, a variation in A\ allows tuning
of the implosion symmetry over a very wide range; the
fusion yield is highest when the symmetry is optimized.

In summary, we have shown that the capsule implo-
sion symmetry in ignition experiments can be tuned
by controlled energy transfer between the laser beams.
This is achieved by shifting the wavelength of some of
the laser beams, which detunes the transfer process by
Doppler shifting the resonant plasma frequency. Laser
beam smoothing effects on crossed-beam transfer are dif-
ferent from the situation of backscattering instabilities;
polarization smoothing reduces the transfer by a factor
two, whereas temporal smoothing can increase it. Lasnex
simulations show that the implosion symmetry on forth-
coming NIF experiments can be controlled by shifting the
wavelength of one third of the laser beams.
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